Abstract-In this work, we present physical layer throughput measurement results of a WiMAX link implemented according to IEEE 802.16-2004. The measurements were carried out in an alpine and an urban scenario using the Vienna MIMO Testbed. We compare the measured throughput to three different theoretical bounds: 1) the channel capacity, 2) the mutual information, and 3) a so-called "achievable throughput" which takes inherent system losses into account. Furthermore, the impact of different channel codes and channel estimators on the measured throughput is analyzed.
I. INTRODUCTION
The potential performance of Worldwide Inter-operability for Microwave Access (WiMAX) has been evaluated by simulations presented in a large number of works, for example [1] [2] [3] [4] [5] [6] [7] [8] [9] . In contrast to [1] [2] [3] [4] [5] [6] [7] [8] , in [9] Single Input Single Output (SISO) simulation results are presented in terms of physical layer data throughput including link adaptation. In addition to simulations, a few testbed measurements and field trials have been carried out [10] [11] [12] [13] [14] [15] [16] . Typically, the results of field trials are throughput values given at a specific receive signal strength. For field trials usually commercial prototypes are used, for which it remains unclear what receiver algorithms are implemented. Also, except [16] , previous publications usually lack comparisons between actually measured data throughput and appropriate theoretical bounds.
In [16] , we measured the IEEE 802. 16-2004 [17, Section 8.3] physical layer throughput and compared it to a so-called "achievable throughput". Back then, we noticed the following shortcomings that motivated new measurements:
• We found that the individual SISO links of the Multiple Input Multiple Output (MIMO) system differ significantly in their average path loss, mainly because of antenna polarization effects. When comparing MIMO to SISO systems, it is therefore necessary to consider all individual SISO links of the MIMO system. • The measurements in [16] were performed using only the mandatory Reed-Solomon Convolutional Code (RS-CC) of IEEE 802. . It was found that this simple coding scheme causes most (about 5 dB) of the Signal to Noise Ratio (SNR) loss compared to the achievable throughput. The optionally standardized Convolutional Turbo Code (CTC) has not been measured.
• In [16] , only results from measurements in an urban scenario with a short transmitter-receiver distance were presented. These points were now addressed in two new measurement campaigns with a very realistic transmitter and receiver placement. The first campaign was carried out in an alpine valley in Austria where the transmitter and the receiver were placed at a distance of 5.7 km. In this alpine set-up, scattering objects existed only in the immediate vicinity of the receiver. Hence, the propagation channel had a very small mean Root Mean Square (RMS) delay spread of about 260 ns. The second campaign was carried out in the inner city of Vienna, Austria, where the transmitter and the receiver were placed at a distance of 430 m. In this urban set-up, the propagation conditions were non-line-of-sight with a large mean RMS delay spread of approximately 1 μs.
Additionally to the RS-CC and the CTC, also a regular Low Density Parity Check (LDPC) code with variable node degree of d v = 3 was measured. At the receiver, three different types of channel estimators were implemented: 1) a geniedriven channel estimator that uses all data symbols for channel estimation, 2) the Approximate Linear Minimum Mean Square Error (ALMMSE) channel estimator of [18] , and 3) the Least Squares (LS) channel estimator.
The measured data throughput is compared to three different theoretical bounds: 1) unconstrained channel capacity, 2) mutual information, and 3) achievable throughput. All of them are defined in Section II. Section III briefly explains the measurement setup utilizing the Vienna MIMO Testbed. Measurement results are presented in Section IV and our conclusions in Section V.
II. THEORETICAL PERFORMANCE BOUNDS
In this section, we define the theoretical performance bounds for the measured data throughput. These bounds are calculated from the channel coefficients obtained by the geniedriven channel estimator in the measurements. We denote by k = 1 . . . K the subcarrier index of the Orthogonal Frequency Division Multiplexing (OFDM) system, by r = 1 . . . R the channel realization index, and by a = 1 . . . A the transmit power attenuation index.
A. Channel Capacity
For calculating the channel capacity of a frequency selective MIMO channel [19, 20] , consider the singular value decomposition [21] of the channel matrix H (r,a) k scaled by the standard deviation σ n of thermal additive white Gaussian noise impairment:
The optimum, capacity-achieving, frequency-dependent precoding at the transmitter is given by the unitary matrix V (r,a) k . If this precoding matrix V (r,a) k is used at the transmitter and also the optimum receive filter U (r,a)H k is employed, the MIMO channel is separated into min(N R , N T ) (with N R denoting the number of receive antennas and N T the number of transmit antennas) independent SISO channels each with a gain of
The channel capacity is obtained by optimally distributing the available transmit power over these parallel SISO subchannels with unequal gain. The optimum power distribution P (r,a) k,m is the solution of the following optimization problem:
subject to
Here, the second equation is a transmit power constraint that ensures an average transmit power proportional to the number of data subcarriers: P t = K. We calculate the power coefficients maximizing Equation (2) by using the water-filling algorithm described in [19, 20] . Equation (2) represents the average channel capacity per subcarrier in bit/s/Hz for a specific channel realization r at a specific transmit power attenuation value a. In order to compare the capacity to the measured data throughput, Equation ( 2) has to be averaged over all R measured channel realizations and scaled by the bandwidth 
The resulting Equation (3) is a theoretical upper bound for the measured data throughput when the transmitter has perfect knowledge about the channel.
B. Mutual Information
The mutual information between a symbol vector transmitted over the k-th subcarrier of a MIMO OFDM system and the corresponding received symbol vector is given by [22, 23] :
The matrix H (r,a) k represents the MIMO channel coefficients, σ 2 n the noise variance, and I the identity matrix. If the transmitter has no knowledge about the channel, in theory a transmission rate corresponding to this mutual information can be achieved when Gaussian signals are transmitted.
For a specific transmit power attenuation value a, the average mutual information I (a) avg per subcarrier is calculated by averaging over all sub carriers and the R different channel realizations (receive antenna positions):
The average mutual information in Equation (5) is in a next step scaled by the bandwidth 1 Ts of the WiMAX system. In this way, a theoretical upper bound for the measured data throughput is obtained when the transmitter does not perform precoding:
C. Achievable Throughput
The rate given by the mutual information in Equation (6) can never be achieved by the WiMAX system since an OFDM signal requires also the transmission of a cyclic prefix to avoid intersymbol interference as well as the transmission of training symbols for synchronization and channel estimation. It is therefore convenient to introduce the achievable throughput D (a) achievable that is based on mutual information but accounts for these inherent system losses. We define this achievable throughput for the transmit power attenuation value a as
where G (1/4 in our measurements) denotes the ratio between the cyclic prefix time and the useful OFDM symbol time, K (192 in our measurements) the number of data subcarriers, K FFT (256 in our measurements) the total number of subcarriers, N data (44 in our measurements) the number of OFDM data symbols, N OFDM (47 in our measurements) the total number of OFDM symbols in one transmission frame, and I (a) the mutual information as defined in Equation (6) . Note that we introduced in Equation (7) also the system design loss L. In our measurements D (a) (6) , and (7) will be used to calculate the performance bounds for the measured data throughput in Section IV.
III. MEASUREMENT SETUP
For the measurements we utilized the Vienna MIMO Testbed described in [24] [25] [26] [27] . The transmitter and receiver placing 1 as well as the measurement procedure are explained in [28] . In case of MIMO transmission we utilize cross polarized antenna elements at the transmitter side and at the receiver side. The SISO performance was obtained as an average over the measured throughputs of all individual SISO subchannels of the MIMO system. 
IV. MEASUREMENT RESULTS
In all result figures, the dots represent the mean scenario throughputs, the vertical lines the corresponding 95% confidence intervals for the mean [29] , and the horizontal lines the corresponding 2.5% and 97.5% percentiles. Figures 1 and 2 show the measurement results for the 1×1 SISO system and the 2×2 MIMO system in the alpine scenario. In each figure, four curves are plotted: the channel capacity defined in Equation (3), the mutual information defined in Equation (6), the achievable throughput defined in Equation (7), and the actually measured throughput of the WiMAX system. In case of the SISO system in Figure 1 , the channel capacity is almost equal to the mutual information. This is due to the flat fading characteristic of the wireless channel with a very small mean RMS delay spread 2 of about 260 ns in the alpine scenario. In case of the MIMO system, the maximum improvement of the capacity over the mutual information is about 25 %. This gain is due to the spatial precoding and the optimum spatial water-filling. Due to the inherent losses of the OFDM system, the achievable throughput is 44% smaller than the mutual information in case of the SISO as well as the MIMO transmission. Comparing the achievable throughput to the measured throughput for LDPC coding and genie-driven channel estimation (the best performing combination) at 5 Mbit/s, we measure an SNR loss of 2.4 dB. This loss can be explained by Figure 3 showing the simulated throughput performance of the three (RS-CC, CTC, and LDPC) channel coding schemes over an Additive White Gaussian Noise (AWGN) channel. The seven steps of 2 The mean RMS delay spread was calculated by averaging the RMS delay spreads of all channel realizations. the curves in Figure 3 correspond to the seven Adaptive Modulation and Coding (AMC) schemes defined in the WiMAX standard. In case of LDPC coding, the loss to the achievable throughput in the AWGN channel is between 1.8 dB and 3.8 dB at the third AMC scheme (at 4.85 Mbit/s). In the measurement results shown in Figures 1 and 2 , one throughput value is obtained by averaging over 484 channel realizations that have different instantaneous SNRs and thus different losses to the achievable throughput. On average, this leads to the measured loss of 2.4 dB. In Figure 2 we observe that the SNR loss of the measured throughput with respect to the achievable throughput increases with the SNR. This is because in the case of 2×2 transmission, the Alamouti code is not a full-rate full-diversity code and thus not optimal. A full-rate code, like for example the Golden code [30] , could be used to obtain better performance [31] .
Figures 4 and 5 show the measurement results for the 1×1 SISO and the 2×2 MIMO system in the urban scenario. In contrast to the alpine scenario, the capacity is slightly larger than the mutual information in case of the SISO transmission. This is due to the large mean RMS delay spread of about 1 μs resulting in a frequency selective channel. Therefore, the optimum power distribution over the full frequency band (we measured a WiMAX system with 5.76 MHz sampling rate corresponding to a symbol duration of 174 ns) is not flat anymore and water-filling can increase the possible transmission rate. All other results of the urban scenario are qualitatively and quantitatively the same as in the alpine scenario.
For the alpine scenario, Figure 6 shows the SNR losses of different channel estimators and channel codes with respect to the best performing combination: genie-driven channel estimation with LDPC coding. The performance of the 2×2 Alamouti coded system depends much more on the type of channel estimator implemented than the SISO system does. This can be explained by the fact that in case of Alamouti transmission, the available transmit power and thus also the training signal power is equally distributed over the transmit antennas. Therefore, only half the training signal power is available per channel coefficient to be estimated. As a consequence, the channel estimation performance as well as the throughput performance is poorer than in the SISO transmission. Figure 7 shows the SNR losses for the urban scenario. The losses of the LDPC and CTC channel coding schemes are similar to the losses determined in the alpine scenario in Figure 6 . For the RS-CC channel coding scheme, however, a significant difference is observed. Especially when a SISO transmission is performed, the SNR loss with RS-CC is significantly larger than in the alpine scenario. The reason for this increased loss lies in the frequency selective nature of the wireless channel in the urban scenario. The large delay spread causes deep fades which in turn cause a poor performance of the RS-CC channel code. In case of 2×2 Alamouti transmission, the spatial diversity reduces the depth of the fades in the frequency response, resulting in an SNR loss of the RS-CC in the urban scenario similar to the SNR loss in the alpine scenario. These observations were confirmed by simulations in [16, Appendix A.2., Figures 14 and 15] .
In summary, depending on the actual algorithms implemented, the losses to the best performing scheme can be very large. If only a very simple system with RS-CC coding and LS channel estimation is implemented, the loss with respect to the best performing combination was measured to be as large as 6 dB in SNR.
V. CONCLUSIONS
In this paper, throughput measurement results of the IEEE 802. physical layer are presented. The measured throughput is compared to the channel capacity, the mutual information, and the achievable throughput that accounts for the inherent system losses. We find that for the SISO system with genie-driven channel estimation, the loss of the measured throughput to the achievable throughput is only given by the loss of the channel coding scheme and the limited number of AMC schemes. Depending on the channel code and the channel estimator employed, the SNR losses at a throughput of 5 Mbit/s grow up to 6 dB. 
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